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Abstract
Phung, Thien-Chuong. M.S. The University of Memphis. May 2013. Strain
analysis of proliferative chondrocyte response to compression by fluorescent microscopy.
Major Professor: Dr. Esra Roan, Ph.D.

The growth plate is a layer of hyaline cartilage between the epiphysis and
diaphysis of long bones and is responsible for the longitudinal growth of bone. Like the
remodeling of mature bones, bone growth is influenced by its surrounding environment,
but the underlying mechanisms of this process are less understood, although there
appears to be a link between mechanical loading and bone growth. For example, the
Hueter-Volkmann law states that growth rate decreases due to excessive compressive
loading. Multiple mechanisms have been proposed to lead to growth retardation in the
case of excessive compression such as vascular obstruction, alterations in growth plate
morphology, and permanent damage to the growth plate. However, because current
imaging methods do not allow observation of the growth plate and its micro-scale
features in real time under loading conditions, there remains a discussion of how these
excessive loads lead to growth retardation. As such, the aim of this study is to understand
the effects of compressive loading on the micro-scale structures of the growth plate by
creating a method that will allow imaging and analysis of the growth plate chondrocytes
while under compression. A compressive device was designed to administer 15%
compressive strain to porcine growth plate samples while allowing the use of fluorescent
microscopy to measure the resulting strain in the growth plate. This gave insight to how
macro-scale loading of the bone samples is correlated to the micro-strain observed in the
growth plate. The average measured strain in the proliferative zone was approximately
12%, which was less than the applied strain.
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Chapter 1: Introduction
The growth plate is a layer of hyaline cartilage found in growing long bones
between the epiphysis and diaphysis and is responsible for the longitudinal growth of
bone. The growth of bones is similar to the remodeling of skeletally mature bones in that
it is influenced by its surrounding mechanical environment though the mechanisms
involved in its response to loading differ (I. Stokes, 2002). Some of the underlying
mechanisms of how the mechanical factors affect epiphyseal growth were first clarified
by the Hueter-Volkmann law, which relates the change in longitudinal size due to
loading. This law proposes that immature bone growth is hindered by an increase in
mechanical compression and accelerated by a reduction in loading in comparison to
normal values (Hueter, 1862; Villemure & Stokes, 2009; Volkmann, 1882). Mechanical
influences on bone growth have been implicated in the development of the shape of
bones, in that the shapes of joints may be determined in part by mechanical loading
(Carter, Van Der Meulen, & Beaupré, 1996; Shefelbine & Carter, 2004; Villemure &
Stokes, 2009). The same loading conditions, however, may also lead to clinical issues in
the development of bone.
The present understanding of the mechanisms controlling bone growth
modulations is derived from clinical observation where factors such as altered loading
and growth is implicated in varying skeletal deformities such as compression fractures
observed in children (Salter & Harris, 1965; Stokes, 2002; Truetta, 1963). Abnormal
loading conditions of the growth plate have been deemed responsible for the clinical
conditions concerning altered longitudinal growth. Blount’s disease, for example, occurs
in young children and adolescents and is due to the progression of angular deformities of
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the proximal tibia from unbalanced loading. Adolescent idiopathic scoliosis is also a
result of abnormal loading where the vertebrae is asymmetrically loaded, leading to an
unnatural curvature of the spine (Cancel, Grimard, Thuillard-Crisinel, Moldovan, &
Villemure, 2009; Sergerie, Lacoursière, Lévesque, & Villemure, 2009; Valteau, Grimard,
Londono, Moldovan, & Villemure, 2011).
To fully understand the effects of mechanical loading on the growth plate, live
and in vitro animal studies had been performed to improve the understanding of how
compression is transmitted through the bone. However, the direct correlation between the
mechanical stimulus and the resulting growth response is still mostly unknown. Direct
observations of the growth plate cellular morphology demonstrated that chondrocytes
undergo significant zone-dependent morphological changes in response to compression
(Amini, Veilleux, & Villemure, 2010; Sergerie et al., 2009; Villemure, Cloutier, Matyas,
& Duncan, 2007). In a previous study, the changes in growth plate morphology after
compression were shown to be due to the early mineralization of the hypertrophic zone
chondrocytes, decreasing the growth plate thickness (Ohashi, Robling, & Burr, 2002).
Tutorino et al. (2001) performed compression-relaxation experiments by exposing bovine
growth plate samples up to 100% compressive strains. Despite the indication of a
nonlinear mechanical response in the stress-strain curve, no histological evidence of
physical damage to the cartilage was observed after exposure to a high compressive
strain. These studies had analyzed the mechanical modulations at a cellular level in
growth plate as a result of exposure to compressive loads. Tutorino et al. demonstrated
some internal mechanical response occurred within the growth plate while the sample
was being compressed though little is understood about the micro-scale mechanical
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response of the growth plate while under compression. Therefore, the focus of this
Master’s thesis project was to develop a method to observe and image chondrocytes in
the growth plate under compression.
Problem Statement
Although the impact of growth plate compression on bone growth has been
frequently studied, there is a lack of understanding of the underlying mechanisms
regarding how compression regulates bone growth. This is partially due to the fact that
we do not know how the mechanical loads are transmitted to the micro-scale features of
the growth plate. For example we lack tools to measure the level of compression that
cells in the growth plate experience when the growth plate is exposed to compression. As
such, the aim of this project was to understand how the macroscopic loads are transferred
to microscopic entities, i.e., cells. The objectives of this study were to:
1. Design, manufacture, and validate a compression device that will fit over an
inverted microscope.
2. Measure the local strain in the proliferative zone due to global compression of the
growth plate.
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Chapter 2: Background
Growth Plate Physiology
The growth plate is connective tissue composed of cells (chondrocytes) embedded
in a hydrated extracellular matrix. This layer of hyaline cartilage is found between the
epiphysis and diaphysis at both ends of long bones. Longitudinal bone growth occurs at
the growth plate via endochondral ossification, the process by which cartilage is formed
and then remodeled into bone tissue. Longitudinal bone growth results from an interplay
between cell division (proliferation), cell enlargement (hypertrophy) as well as
extracellular matrix synthesis, and controlled degradation (Hunziker & Schenk, 1989).
The growth plate is composed of three principal layers based on morphology: reserve
zone, proliferative zone, and hypertrophic zone (Figure 1). The relative proportions of the
three zones vary with age, anatomic function, and species (Hunziker & Schenk, 1989;
Moen & Pelker, 1984; Sergerie et al., 2009; Villemure & Stokes, 2009). Sergerie et al.
(2009) found proportions of 70%, 17%, and 13% respectively for the zones in newborn
ulnar porcine growth plates while Hunziker and Schenk (1989) found average
proportions of the corresponding zones to be 6%, 35%, and 59% in proximal tibiae of rats
aged 21 days, and 9%, 36%, and 55% at age 80 days. Each zone differs in chondrocyte
size and arrangement as well as extracellular matrix and represents a specific role in the
growth process (Valteau et al., 2011).
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Figure 1. Micrograph of a 2-µm thick section of a rat proximal growth plate showing the
reserve zone, as well as the proliferative and hypertrophic zones where chondrocytes first
proliferate and subsequently enlarge. Reprinted from “Growth plate mechanics and
mechanobiology. A survey of present understanding” by I. Villemure and Stokes, Journal
of Biomechanics, 42, p. 1795. Copyright 2009 by Elsevier Ltd. Reprinted with
permission.

The reserve zone, located at the epiphysis end, contains stem-like cells that give
rise to proliferative chondrocytes and directs the alignment of the proliferative clones into
columns parallel to the long axis of the bone (Figure 2). The pool of chondrocytes are
irregularly scattered in a bed of cartilage matrix and, though the relative proportions of
the three zones vary from species to species, occupies the greatest relative volume in
large animals such as bovine and porcine ( Farnum & Wilsman, 1998; Hunziker &
Schenk, 1989; Salter & Harris, 1965) The proliferative zone is formed when the
chondrocytes are aligned in columns parallel to the long axis of the bone and undergo
active cell replication, which plays a crucial role in the endochondral formation of bone.
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However, the mechanism by which these chondrocytes recognize in order to align
themselves along the long axis of the bone is unknown (Abad, Meyers, Weise, & Gafni,
2002). After the chondrocytes divide via mitosis, the daughter cells are arranged along
the long axis of the bone, forming columns parallel to the axis. The spatial orientation of
the chondrocytes directs growth in a specific direction towards the diaphysis and is thus
responsible for the elongated shape assured by many endochondral bones. As the divided
cells mature, an extracellular matrix (ECM) is synthesized to separate the cells from each
other (Ballock & O’Keefe, 2003) . This extracellular matrix consists predominantly of
collagens, predominantly type-II, and proteoglycans as well as other noncollagenous
proteins. The columns of chondrocytes are also surrounded by a longitudinal septa
composed of a pericelllular matrix (PCM) that separates the columns within the
proliferative zone (Choi et al., 2007). The PCM along with the enclosed cells form a
chondron. The hypertrophic chondrocytes are generated by the terminal differentiation of
the proliferative zone chondrocytes that are located farthest from the epiphysis. These
cells cease dividing and then enlarge in cell volume while the ECM volume decreases
forming the hypertrophic zone where they initiate ossification by attracting vascular
tissue and bone cell invasion from adjacent bone tissue. The longitudinal septa between
the columns of chondrocytes calcify while the transverse septa between chondrocytes
remain uncalcified and become a pathway for metaphyseal cell migration (Cohen et al.,
1992; Farnum, Wilsman, & Hilley, 1984).
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Figure 2. Bone growth process begins in the reserve zone as cells begin to proliferate,
forming columnar structures where they will continue to increase in size. These cells will
then die and allow blood vessels to migrate into these structures, leading to calcification
and bone formation.

Studies have shown two separate systems of blood vessels to the growth plate
(Salter & Harris, 1965 ;Trueta, 1963). The epiphyseal system arises from vessels in the
epiphysis end that penetrates the bone plate of the epiphysis and end in capillary loops in
the reserve zone. The metaphysis system arises in the marrow of the long bone shaft and
ends in vascular loops in the layer of endochondral ossification. By selectively damaging
one of these two systems, Trueta (1963) demonstrated that the epiphyseal system was
responsible for the nutrition of the proliferative cells while the metaphysis system was
responsible for the nutrition of the cells involved in endochondral ossification. It was
reported in this study that the experimental suppression of the epiphyseal blood flow will
cause severe damage to the growth plate cartilage causing chondrocyte death and the
disorganization of the columnar arrangement of the proliferative zone. In contrast, the
suppression of the metaphyseal blood flow preserved the growth plate in such a manner
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reminiscent of rickets as seen in bow-leggedness (Trueta & Morgan, 1960; Farnum et al.,
1984).
Growth Plate Mechanics
The growth plate is sensitive to its surrounding mechanical environment as early
observations have established that mechanical loading can modulate bone growth
(Stokes, Gwadera, Dimock, Farnum, & Aronsson, 2005; Stokes, Mente, Iatridis, Farnum,
& Aronsson, 2002; Villemure & Stokes, 2009). The underlying mechanisms by which
mechanical factors control bone growth were initially clarified by the Hueter-Volkmann
law, which proposes that growth is retarded by increased mechanical compression and
accelerated by reduced loading in comparison to physiological values. The present
understanding of this mechanism comes from clinical observations, such as physeal
compression due to high trauma causing growth arrest (Salter & Harris, 1965), and live
animal studies. In some clinical observations, altered loading and growth were implicated
in some skeletal deformities (Moen & Pelker, 1984; Stokes et al., 2002; Villemure &
Stokes, 2009). In the case of adolescent idiopathic scoliosis, the vertebra is
asymmetrically loaded causing an unnatural curvature in the spine. Genu varum, or bowleggedness, is also a result of unbalanced loading in the proximal tibia contributing to the
progression of the angular deformities. To understand the effects of these compression
injuries, animal studies were performed where the growing animals underwent different
loading profiles (Stokes, 2002).
Live Animal Studies
Ohashi et al. (2002) examined the role of dynamic loading on endochondral
ossification, growth plate cartilage morphology, and chondrocyte metabolism. The effects
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of different magnitudes of force (17 N, 8.5 N, and 4 N) on the length of growing ulnas in
Sprague Dawley rats (N = 72) were investigated as well as the effects of axial force on
the distal growth plate cartilage and on endochondral ossification. These magnitudes
were above physiological values. The rats were divided into three groups based on
loading magnitude and, from there, three subgroups for the control, the samples
immediately after 8 days of compression, and for the samples that were given one week
of recovery after compression. For 8 days, the right ulna received 1200 cycles/day (10
min) of 2 Hz Haversian wave with peak loads at the appropriate magnitude. A significant
difference was observed in the lengths of the right loaded ulna in comparison to the left
unloaded ulna in that they were shorter. However, these ulnas were longer than the
baselines in their respective groups, indicating a continuation of growth in the growth
plate. The 17-N group showed the greatest change in length (3.6%) and revealed that the
hypertrophic zones was mostly mineralized, supporting the Hueter-Volkmann law by
suggesting that large compressive loads may retard or abolish growth.
To analyze the effects of compression in a more natural setting, Stokes et al.
(2002) modulated growth by maintaining a compression force of nominally 60% of body
weight for four weeks on a caudad vertebra of growing rats (N = 6). An external
apparatus was attached, by means of trancutaneous pins, to the two vertebrae cephalad
and caudad to the one under observation. Growth of the loaded and control vertebrae was
monitored radiographically, and the growth rates of the compressed sample was
significantly less than the control rates and averaged 35.4 µm/day, 52% of the control.
The hypertrophic chondrocytes were isolated after the four-week study, and the
dimensions were observed to be significantly less than the corresponding control values.
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The average zonal height, increase in cell height, and the mean cell height were measured
to be 13.1%, 23.3%, and 14.6% respectively less than the control values.
Valteau et al. (2011) performed a similar study to observe the effects of static and
dynamic mechanical loading on all the zones of the growth plate. For two weeks, 0.2
MPa of compressive stress was maintained on the caudal vertebrae, which was higher
than normal physiological values. Significant reduction in growth rate was observed as
the growth rates for the loaded rats were 19% less than the control groups. The growth
plate thickness was also significantly reduced by 20.4% for static and 10.9% for dynamic
loading. Despite the reduction in growth plate thickness, it was observed that the three
zones maintained their same proportions. The decrease in thickness was greatly
contributed by the decrease in the number of proliferative chondrocytes per column and
hypertrophic chondrocyte height as significant correlations were identified in both zones’
thickness reduction. This supports the observation that changes in the zonal heights are
important factors in mechanical modulations though the alterations in growth rate are not
fully explained, indicating other factors are involved.
Cellular and Tissue Mechanics
To further understand the effects of mechanical loading on the growth plate, a
more direct approach was required to observe the chondrocytes while mechanically
loaded. Rather than observe the growth response to compressive loading, the combination
of microscopy techniques and loading methodologies allowed the instantaneous
observation and examination of the effects of compression on the growth plate
chondrocytes. Radhakrishnan, Lewis, and Mao (2004) examined the elastic properties of
the extracellular matrix surrounding chondrocytes in different zones of the growth plate
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by using micro-indentation by atomic force microscopy. These findings showed a
significant increase in the elastic moduli of the extracellular matrix from the reserve zone
to the chondro-osseous junction. Despite the variation in cell-extracellular matrix
composition and volume between the zones (Farnum, Lee, et al., 2002; van Donkelaar &
Wilson, 2011), the mechanical behavior of these units were never fully understood. This
prompted Villemure et al. (2007) to take an alternative approach in measuring the strain
distribution within tissue samples to understand the tissue mechanics of the growth plate.
The proximal tibial growth plates of six rats were tested in vitro under uniaxial
compression to 5% strain using a custom loading apparatus that allows the use of
confocal microscopy to track and capture images of fluorescently labeled cell nuclei with
increasing applied bulk strains. Strain distributions were heterogeneous throughout the
growth plate with the average compressive strain relatively higher than the applied 5%
strain with the highest strain at 14%. However, the average strain was lower in the
proliferative zone compared to the reserve and hypertrophic zone (Figure 3).
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Figure 3. Variation in strains, normalized with respect to their absolute values of
maximum compressive strains, through growth plate depths, normalized with respect to
their growth plate thicknesses. Reprinted from “Non-uniform strain distribution within rat
cartilaginous growth plate under uniaxial compression” by I. Villemure et al., 2007,
Journal of Biomechanics, 40, p. 154. Copyright 2005 by Elselvier Ltd. Repinted with
permission.

Amini et al. (2010, 2012) continued the growth plate morphology study by
performing a two-step relaxation test by sequentially compressing growth plate explants
of immature porcine ulnae at 5% and then 10% strain and analyzing the resulting threedimensional morphology. Quantitative morphological analyses at the cellular level were
performed, and as a result, chondrocytes underwent significant zone-dependent shape and
size changes when under compression. At 15% compressive strain, chondrocyte volume
decreased in the three histological zones with bulk strains reaching 24.7%, 35.4%, and
41.7% in the reserve, proliferative, and hypertrophic zones respectively. Corresponding
12

surface area changes also reached 6.9% in the reserve zone, 30.7% in the proliferative
zone, and 22.9% in the hypertrophic zone. The highly compact columnar arrangement of
the chondrocytes in the proliferative zone in comparison to the less columnar
arrangement of the hypertrophic zone and the random distribution of chondrocytes in an
abundant extracellular matrix of the reserve zone could contribute to the differences in
deformation along with the cell density in each zone and the mechanical properties at the
cellular and matrix level.
Moreover, Sergerie et al. (2009) reported significant differences in the Young’s
modulus among the three growth plate zones when performing a uniaxial compression
test. The reserve zone (0.48 MPa) was found twice as stiff as the proliferative (0.25 MPa)
and hypertrophic zones (0.27 MPa) along the compression axis. Proliferative and
hypertrophic zones were also reported to be three times as permeable as the reserve zone
in the radial direction, which further contributed to the higher chondrocyte deformations
in the two zones. Fluid flow through a more permeable matrix would reduce the amount
of friction between the growth plate chondrocytes; hence, a higher permeability would be
more prone to undergo higher tissue and cellular deformations, emphasizing the structural
role of the extracellular matrix in the mechanical behavior of soft tissues.
These studies have demonstrated that the growth plate is sensitive to its surrounding
mechanical environment. Tutorino et al. (2001) performed stress-relaxation compression
tests at 20%, 50%, 80%, and 100% on samples of bovine growth plate and observed a
stress-strain curve as illustrated in Figure 4, but when observing the samples by histology
examination, no evidence of visible damage had occurred despite the large compressive
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strain. In this master’s thesis project, a method to image and quantitate the micro-scale
strain in the growth plate is developed.

Figure 4. Stress-strain curves from four stress-relaxation tests on sample of bovine
growth plate at 20%, 50%, 80%, and 100% compressive strain. Such large strain did not
produce any visible damage, but the periodic oscillations were on the scale of the
chondrocytes and may reflect their deformation. Reprinted from “Can the Epiphyseal
Growth Plate be Injured in Compression?” by Tutorino et al., 2001. Poster presentation
from annual meeting of the Orthopaedics Research Society. Reprinted with permission
from Dr. J. L. Williams.
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Chapter 3: Materials and Methods
The aim of the project is to image and analyze the mechanical response of the
proliferative zone of the growth plate by imaging the displacement of chondrocyte nuclei
undergoing compressive strain. In order to achieve this goal, a compressor device was
designed to fit over an inverted microscope and to apply a compressive strain to porcine
bone-growth plate samples. Images of the growth plate were taken before and during
compression to be later analyzed to understand the level of compressive strain
experienced by the growth plate, i.e. the proliferative zone. Details relating to sample
preparation, experimental methods, and analyses are provided in this section.
Compressor Device Design
The compressor device was designed using NX Unigraphics 7.5 (Siemens,
Munich, Germany) 3D modeling software and consists of three bars (4.25 x 2 x 1 in).
Two of the bars will serve as stationary bars forming the frame of the device while the
third bar serves as the moving plate, which will apply controlled compressive strain to the
samples (Figure 5). The moving bar slides along two guide rails (3/8 in), and the
movement of the plate is controlled by a 3/8-in screw, held by the first stationary bar.
Compressive strain is increased by turning the screw clockwise, displacing the moving
bar towards the second stationary bar.
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Figure 5. 3D CAD model of compressor design constructed using NX Unigraphics 7.5.
The design consisted of two stationary bars and a moving bar that will apply and
maintain the desired compressive strain.

To improve the design, a locking mechanism was included into the design to
prevent shifting of the moving bar while compression is applied to the sample (Figure 6).
The locking mechanism allowed the ability to hold the moving plate at specific
compressive strains. The mechanism consists of two plates (0.25 x 0.75 x 4.0 in). Each
plate has two screw holes to attach each end to the stationary bars. A slot is drilled out of
the center of the plate so that a plastic screw attached to the moving bar may slide along
the locking plate when compressive strain is being applied and may be tightened down to
maintain the desired compressive strain.
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Figure 6. 3D CAD model of compressor device with the locking plates. The locking
plates form part of the locking mechanism that allows the moving plate to be held in
place to maintain the desired compressive strain.

The compressor device plates were constructed from aluminum due to its
durability and ability to be easily cleaned. When constructing the compressive device, a
ball socket was included in the moving bar to attach the moving screw to the bar (Figure
7). This allows the screw to propel the bar towards or away from the second stationary
bar. A knob was added to the other end of the moving screw for improved control of the
moving bar.
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Figure 7. The compressor device was constructed using aluminum materials. Plastic
screws that within the slots of the locking plates that serve as the locking mechanism as
they are tightened to hold the moving bar in place. A ball socket was added to the moving
plate to attach the moving screw to the plate as well as a knob to the other end of the
moving screw for improved control.

Device Design Verification & Validation
The device/imaging system was validated by relating the applied strain to
measured strain using silicone blocks with markings. This was accomplished by taking
images of silicone blocks at increasing levels of compression. The blocks were made
using Sylgard 184 (Dow Corning Corporation, Midland, MI) due to the optical clarity,
homogeneity, and isotropy of this material. Six blocks (5 x 8 x 2mm) were tested, and
using a marker, three dots were placed linearly spaced apart by 1.5 mm (Figure 8a). The
Nikon Eclipse TE300 inverted microscope (Nikon Inc., Melville, NY) with a camera
attachment (QImaging, Surrey, BC) (resolution 6.45 µm/px) was used to capture the
images of the silicone block undergoing different compressive strains. The silicone
blocks strained at 10% compressive strain and then at 30% compressive strain. The two
strains were used to determine the limits in the amount of compression that the device
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may perform. Images were then taken of the silicone blocks before compression and
immediately at the two stages of strains for comparison.

Figure 8. Image of marker dot pattern on silicone block surface (a) converted to a binary
image (b) and the ending result after image processing and analysis (c). The centroid and
boundaries are illustrated in the image.

Figure 9 shows the experimental setup using the Nikon Eclipse inverted
microscope with the ABSOLUTE Solar Series 500 caliper (Mitutoyo, Aurora, IL). It was
used to measure the dimensions of each silicone block and helped determine the distance
required of the moving block to move in order to administer the appropriate strain. The
19

calipers were also used to monitor the distance between the moving plate and the bottom
stationary plate as the appropriate compressive strain was administered. BIOQUANT
Life Science imaging software (BIOQUANT, Nashville, TN) was used to take images of
the three dots before compression of the silicone block, during 10% compression, and
during 30% compression using 4X magnification. With each amount of compression, the
region of interest went out of focus and drifted out of the viewing panel, requiring
readjustment with every turn of the screw controlling the moving plate.

Compressor Device

Caliper

Figure 9. Experimental setup for device validation and verification using an inverted
microscope for imaging and the calipers to monitor the amount of applied strain.

Using the GNU Image Manipulation Program (GIMP 2.6) for image processing,
the dots were thresholded from the rest of the image, and MATLAB 2011a (Mathworks,
Inc, Natick, MA) was used to further process the image and determine the distance
measurements between the dots (Figure 8). A custom MATLAB code (Appendix B) was
used to convert the image of the dot pattern into a binary image and determined the
centroid of each dot in the image (Figure 8b & 8c). Using the position of each centroid,
20

the distance between the dots was calculated in the unit of pixels (px) and recorded as a
comma separated value (CSV) file to be later used in Microsoft Office Excel 2007. For
each image set, strain was calculated by taking the distance measurements in the before
compression image and comparing them to the final distance measurements in the 10%
and 30% compression images according to the following equation for engineering strain:

where do is the initial distance measurements and df is the final distance measurements.
Porcine Growth Plate Sample Preparation
Bone-growth plate samples were obtained from the femur of cross-bred farm pigs
of a consistent genetic lineage provided by Dr. Randy Buddington (University of
Memphis) who was carrying out a study relating to neo-natal nutrition. The pigs were
delivered via cesarean section at gestational day 105 (full term = 115 ± 2 days). The pigs
were raised for four days before femur extraction. The sows varied in age from 1.5 to 4
years. The lower limbs of the piglets were removed and were either further cut for
experimentation or kept frozen for later usage. Using a scalpel, muscle tissue was
removed to extract to femur from the rest of the limb. The ISOMET 1000 Precision Saw
(Buehler, Lake Bluff, IL) set at a speed of 100 rpm was used to cut samples slices from
the femur. The proximal femur (Figure 10) was first cut to allow a better grip along the
shaft of the femur when making cuts in the distal femur.
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Distal Femur

Proximal Femur

Figure 10. The proximal femur is cut and removed in order to form a better grip along the
shaft of the bone when making cuts on the distal femur.

The first cut was made along the transverse plane, perpendicular to the long axis
of the bone, to flatten the medial and lateral condyles of the femur (Figure 11b). The
femur was then repositioned until the coronal plane was parallel with the saw blade
(Figure 11), and two cuts were made along the plane, creating two parallel surfaces on
the anterior and posterior of the femur. The femur is then repositioned until the transverse
plane is parallel to the saw and starting from the center of the sample, cuts were made in
2-mm increments apart towards the medial and lateral side of the femur (Figure 11a).
One final cut is made along the transverse plane to extract the slices that were created
from the 2-mm cuts.
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Figure 11. A cut was first made along the transverse plane to flatten the medial and
lateral condyles, and then cuts were made along the coronal plane, creating two parallel
surfaces on the anterior and posterior plane (a). Slices were made along the transverse
plane beginning in the center of the sample (b).

Each bone-growth plate slice (8 x 15 x 2mm) was stored in individual wells of a
12-well plate and washed 3-5 times in 1x Phosphate Buffered Saline (PBS) for 5 minutes.
During each wash, the well plate was left on a Standard Orbital Shaker (Bellco Glass,
Inc, Vineland, NJ) set at 3. After the last wash, the bone-growth plate samples were then
chemically fixed with 10x formalin and stored in the refrigerator for a minimum of 12
hours. After fixation, the samples were then washed in PBS and were either stored in the
refrigerator for later use or stained immediately for testing. The samples Hoechst stain
was used to stain the nuclei of the chondrocytes of the growth plate in each bone-growth
plate sample. Each sample was immersed in 1:15000 Hoechst stain/PBS solution, which
stains for nuclear DNA in the chondrocytes, for approximately 35 minutes with the well
plate sitting on the shaker. The samples were then washed with PBS one last time before
compression testing.
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Growth Plate Compression Testing
The test protocol used in this study is based on a previous study analyzing
compression-induced changes in the shape and volume of chondrocyte nuclei (Guilak,
1995). For observation and imaging, the EVOS FL Digital Inverted Microscope
(Advanced Microscopy Group, Bothell, WA) (resolution 6.45µm/px) was used with the
DAPI filter cube and 40X objective lens. The vessel holder, glass slide, and compressor
device were taped down to the microscope stage with adhesive tape to minimize shifting
during testing (Figure 12). Before testing, physical measurements of each bone-growth
plate sample were taken using the caliper to calculate the distance between the moving
bar and the second stationary bar required to apply a 15% compressive bulk strain on the
sample. The magnitude of 15% compressive strain was considered to be physiologically
relevant based on previous studies measuring in situ cartilage strain (Armstrong, Bahrani,
& Gardner, 1979; Guilak, 1995). Each sample was placed between the second stationary
and moving bars so that the growth plate was parallel to the bars. Images were taken
using the EVOS microscope with the DAPI filter cube with the light intensity set at 1%
before compression and 10% after compression. Compressive strain was applied by
turning the screw that moves the moving bar and using the calipers to monitor the
distance between the moving and stationary bars. Stage controls were used to make
adjustments to maintain the viewing panel over the same area on the account of shifting
occurring during the compression of the samples. Images were taken before compression
and during compression and were then saved as a “.tiff” image file format for later
observation.
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Figure 12. The vessel holder, glass slide, and compressor device are taped down to the
stage of the microscope. The calipers are used to monitor the distance between the
moving bar and second stationary bar.

Image Processing
Using the GIMP 2.6, the before and during images were over-laid, allowing the
ability to observe the same corresponding areas in the images. Certain areas were selected
and then cropped for analysis. The brightness and contrast settings are adjusted in order
to improve the visibility of the chondrocyte nuclei in the image and reduce the effects of
“glowing,” causing nuclei to appear to be overlapping in the image (Figure 13). Files
were then saved as “.jpg” for analysis using MATLAB.
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Figure 13. The images are first taken using the EVOS microscope's built-in camera
(resolution 6.45 µm/px) (a) and then later processed using image software to improve
visibility (b).

MATLAB Analysis
A custom MATLAB code (Appendix B) was used to analyze the images of the
growth plate chondrocytes. The images were imported into MATLAB using the imread
function, and the imcrop function was used to further isolate single columns of
chondrocytes in case there were multiple columns in the image. The image was then first
converted from RGB to grayscale in order to finally be converted into a binary image,
replacing all the pixels in the grayscale image with the value 1 (white) or 0 (black)
depending on luminance levels (Figure 14a & 14b). Using the regionprops function, the
coordinate positions of each centroid of the chondrocyte nuclei were defined, and the
boundaries of the nuclei were defined using the bwboundaries function. The centroid
coordinate positions were used to calculate the distance between nuclei. As an end result
for the program, the centroid and nuclei boundary were displayed on the original image
and saved as a “.jpg” file (Figure 14b). The distance calculations were imported into
Excel 2007 and saved as an “.xls” file.
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Figure 14. The images were converted from RGB to binary (a). The MATLAB program
determines the position of the centroid and the outer boundaries of the nuclei (b).

Data Analysis
Strain calculations were made using Excel 2007. Strain was calculated by
comparing the calculated distances for each corresponding image using the formula:

where do represents the distance between nuclei before compression and df represents the
distance between nuclei during compression. An average strain was calculated for each
slice of the left femur, and average strain of each slice was utilized to calculate an
average strain for the pig. Analysis of variance (ANOVA) for a single variable was used
to determine the presence of any significant differences among the pigs.
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Chapter 4: Results
The growth plate is a hyaline cartilage plate in the metaphysic at each end of a
long bone and consists of three regions depending on chondrocyte morphology and zonal
arrangement: reserve zone, proliferative zone, and hypertrophic zone. To analyze the
displacement of the zonal chondrocytes under compression, a compression device was
designed to fit over an inverted microscope to apply and maintain a specific compressive
strain on a growth plate sample.
Device Verification and Validation
The goal for validation the compressive device was to determine the relationship
between applied and measured strain by a silicone block. This was accomplished by
taking images of silicone blocks at increasing levels of compressive strain: 0%, 10%, and
30%. As seen in Figure 15 and Table 1, the applied strain resulted in a measured strain
that was less than the applied according to the marker dot analysis of the silicone blocks.
When a 10% compressive strain was applied to the silicone block, a minimum strain of
7% was measured in PDMS 5 while a maximum strain of 15% was measured in PDMS 4,
and when a 30% compressive strain was applied, a minimum strain of 27% was measured
in PDMS 4 while a maximum strain of 31% was measured in PDMS 6. There was no
significant difference according to a single factor ANOVA statistical analysis among the
silicone block samples for the 10% and 30% compressive strain tests (p > 0.05). When
applying a 10% compressive strain, an average compressive strain of 9 ± 3% was
observed according to the dots on the silicone blocks, and when applying a 30%
compressive strain, an average strain of 29 ± 1% was observed. Though the average
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measured strains from the compression tests fall below the expected value, the standard
deviations for both groups include the expected value.

Figure 15. The resulting measured strain (black dots) from the marker dot analysis falls
below the expected strain (blue line) when an applied bulk strain is performed on the
silicone blocks. Standard deviation is shown for each measured strain (black bars).

Table 1 The measured strain as a result of the marker dot compression test of the silicone
block samples. The average strain shows that the strain observed in the dot configuration
was less than the applied bulk compression.
10% Strain
PDMS 1
PDMS 2
PDMS 3
PDMS 4
PDMS 5
PDMS 6
AVERAGE

0.08
0.11
0.06
0.15
0.07
0.09
0.09 ± 0.03
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30% Strain
0.29
0.30
0.28
0.27
0.29
0.31
0.29 ± 0.01

Growth Plate Compressive Strain
The strain measurements of the proliferative zone of the growth plate in this study
give insight to how bulk compressive strain applied to the bone-growth plate sample is
transmitted to the growth plate. Engineering strain was calculated in a similar method as
the validation testing. The centroid positions of each cell nucleus in a field were defined,
and the distances between each centroid positions was calculated and compared to
determine the strain. Seven cross-bred farm pigs were obtained for testing and four bonegrowth plate samples (N = 4) were obtained from left femur of each pig. For Pig 1, Pig 3,
Pig 4, Pig 5, and Pig 6, only three samples (N = 3) from each pig were tested due to
issues pertaining to staining or buckling during compression testing.
There was no significant difference among the measured strain from the bonegrowth plate samples of each pig (p > 0.05). The measured compressive strain in the
proliferative zone of the growth plate in all pigs ranged from 0.4 to 0.22 (Table 2) with
the highest average strain in Pig 6 (0.171 ± 0.042) and the lowest average strain in Pig 2
(0.082 ± 0.042). The average strain experienced by the growth plate was 12.1 ± 3.2%
when a 15% compressive bulk strain was applied to the bone-growth plate sample. Figure
16 illustrates the variability among the measured compressive strain of the femurs with
the highest standard deviation in Pig 2 and Pig 6 and the lowest standard deviation in Pig
1.
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Figure 16. Average measured strain in the bone-growth plate samples from the left femur
of each pig. The error bars represent standard deviation. There was no significant
difference among pigs (p > 0.05)

Table 2 Resulting measured strains after compression testing of bone-growth plate
samples of each pig and the average results
Pig 1
0.11
0.10
0.14
Average
StDev

0.119
0.021

Pig 2
0.07
0.14
0.07
0.04
0.082
0.042

Pig 3
0.10
0.16
0.09

Pig 4
0.14
0.11
0.18

Pig 5
0.13
0.05
0.07

Pig 6
0.22
0.16
0.14

0.116
0.036

0.147
0.034

0.086
0.040

0.171
0.042
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Pig 7
0.12
0.16
0.13
0.10
0.129
0.027

0.121
0.032

Chapter 5: Discussion
The aim of this thesis was to design and construct a mechanical loading device
that allowing direct observation of the growth plate chondrocytes displacement as
compression is applied to understand the link between macro-scale loading to micro-scale
strain. The measured strain observed in the proliferative zone ranged from 4% to 22%.
Though a 15% compressive strain was applied to the bulk sample, the average strains
observed in the proliferative zone was 12.1%. This was a result of the variation of
measured strain in the proliferative zone. Pig 2, which had the lowest average strain, had
measured strains ranging from 4% to 14% while Pig 6 with the highest average strain
ranged from 14% to 22%. Though the image field for each slice of the porcine femur was
similar, variation in measured strain for each pig was due to the location of the
measurements.
In order to analyze the mechanical response of the growth plate’s proliferative
zone chondrocytes, the compression device was first validated to ensure that it has the
ability to perform the required compressive strain for growth plate testing. Markings on
the surface of silicone blocks were used to measure the amount of strain that was
observed in comparison to the strain that was administered to the bulk sample, which was
monitored using a caliper that measured the distance between the moving stationary
block of the compression device. The results from the validation test indicate that the
silicone blocks received a measured strain that was less than what was expected (Figure
15 & Table 1). Though the difference in measured and expected strain averaged 2%, the
compression device was suitable for the study. As such, the difference between the
applied and measured strain in the growth plate proliferative zone may be due to
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additional factors such as the geometry of the growth plate, the contributions from the
surrounding tissue, and the difference in chondrocyte morphology among the growth
plate zones.
Strain is a description of deformation in terms of relative displacement and
provides a measurement of deformation in the growth plate chondrocytes. Up to date, few
studies have analyzed the mechanical behavior of growth plate zones as compressive
loading is applied to the bulk sample. Previous studies that use a similar compression
loading and imaging techniques have reported a wide range of strain measured in the
proliferative zone ( Amini et al., 2012; Sergerie et al., 2011; Villemure et al., 2007).
When applying 5% compressive strain on porcine growth plate samples, Villemure et al.
(2007) observed a strain range of 2 to 9% in the proliferative zone. Sergerie et al. (2011)
also observed a relatively higher measured strain in the proliferative zone relative to the
applied 10% compressive strain. Though when conducting a similar experiment, Amini et
al. (2012) reported a lower strain averaging at 8.6% after applying 15% uniform
compressive strain. The proliferative zone measured strain values reported in this study
ranged from 5 to 22% and averaged 12.1% when a 15% compressive strain was applied
to the bulk sample.
No significant differences in strain measurements were discovered among the
porcine growth plates tested in this study when comparing across animals (Figure 16).
Despite the lack of significant difference among the pigs, there was a great variation in
the measured strain levels from pig to pig as well as from sample to sample. The pigs
were part of a study relating to neo-natal nutrition by Dr. Buddington that may have
altered some factor of their growth. The pigs were fed a variety nutrition supplements
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such as soy lecithin, medium chain triglycerides (MCT), and total parental nutrition
(TPN). Another reason for this variation in strain measurements may have been due to
the geometry of the bone samples and the location of the fields that were chosen when the
images of the proliferative zone chondrocytes were taken. The undulations of the distal
femur created a variation in location and thickness of the growth plate in the cut growth
plate-bone samples. The composition of the growth plate varies from the reserve zone to
the hypertrophic zone. Villemure et al. (2007) performed a series of growth plate
compression studies and reported a variation of strain throughout the thickness of the
growth plate. The bones at the epiphysis and diaphysis ends of the growth plate samples
may have acted as extensions for the bars of the compression device, creating a nonuniform compression that was applied to the growth plate itself. Finite element analysis
of a bone-growth plate sample performed by Jie Gao (University of Memphis) to
confirmed this observation in the variation of strain in the growth plate thickness
(Appendix A). It was reported that the geometry formed by the undulations of the femur
created stress points that contributed to the heterogeneity in strain in the growth plate.
During this study, measurements were taken in the area of the growth plate indicated by
Figure 17. The columns of fluorescently stained nuclei near the epiphyseal end of the
growth plate were assumed to be the proliferative zone chondrocytes. Histology
examination is required to confirm the relative location in relation to the thickness of the
growth plate of the local strain measurements of the proliferative zone.
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Image Field

Figure 17. Prepared porcine growth plate sample (8 x 15 x 2 mm) in the proliferative
zone chondrocyte compression study.

The relative strain measurements observed in the proliferative zone in this thesis
provided insight into the immediate mechanical response of the growth plate proliferative
zone or chondrocytes displacement after compression. The growth plate samples were
allowed 5 to 10 seconds of relaxation as the image of the field was taken, which is much
less than the amount of time allowed by Villemure et al. (2007) and Amini et al. (2010),
who allowed 10 to 20 minutes of relaxation after compression. The results of this study
showed that, despite the large compressive strain on the bulk sample, the proliferative
zone experienced an average strain that was 19.1% less than what was applied. This
suggests that other deformations may have been taking place before any major
deformation was observed in the proliferative zone. Such a finding is fundamentally
crucial to better understand how compressive strain is distributed in the cartilage portion
of immature bones. Furthermore, the results demonstrate the possibility of observing the
growth plate at a cellular level while compression is administered to the bone.
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Limitations
Compression device. The compression device was successful in administering
and maintaining the required compressive strains to the bulk sample. Tape was used to
immobilize the compression device and attach it to the stage of the inverted microscope.
Despite the efforts to immobilize the compression device, shifting still occurred and was
observed on the display screen as compression was applied to the bone samples. Between
each turn of the compression screw the area of interest either drifted off screen or out of
focus. Stage and focus adjustments had to have been made in order to maintain a
consistent analysis of the chondrocytes of interest. This interruption prevents a consistent
strain rate to be used when applying compression. During these adjustments, the growth
plate was allowed about 5 to 10 seconds to relax between increasing compressions before
the desired strain was reached. Finally, tissue swelling posed an issue for imaging as
compression was applied to the growth plate samples, causing the sample push against
the glass slide and either break the glass or buckle between the bars of the compression
device. When observing the growth plate using bright field microscopy, illumination of
the sample was an issue. As compression was applied to the sample, the amount of light
on the sample decreased, and adjustments were made to the intensity of the light in order
to maintain a similar illuminated field as before compression.
Sample Preparation. The samples used in this study were fixed with 10x
formalin immediately after the cutting procedure and before the staining protocol.
Chemical fixation has been known to alter mechanical properties in an effort to prevent
tissue degradation. The cut surface was also an issue when observing the growth plate as
the surface of the sample contained damaged chondrocytes. This made fluorescent
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imaging with Hoechst strain difficult as nuclear DNA was scattered throughout the cells
as well as between cells. The problem was avoided by selecting another field to analyze
though confocal microscopy may serve as an alternative to image the chondrocytes
within the sample rather than on the surface.
Staining and imaging method. Many staining techniques were considered for
imaging of the growth plate, but Hoechst stain was deemed the most appropriate for this
type of study. Hoechst stain is a type of blue fluorescent dye used to stain nuclear DNA
and, in respect to this study, the nuclei of the growth plate chondrocytes. When analyzing
the growth plate using fluorescent microscopy, the display screen showed the cells on a
two-dimensional plane without any indication of where the cell was located in the z-axis
of the bone sample. Certain cells would appear to be overlapping in the display screen
when in fact they were located over one another. Any deformations that occur in this
plane were not able to be analyzed using this method. Timing also posed as an issue as
bleaching occurred during the compression testing due to need to maintain the same
viewing plane before and after compression. To capture the three-dimensional nature of
the strain field as a result of compression, techniques such as confocal microscopy would
have to be used to capture the mechanical behavior of cells (Amini et al., 2010).
Consistent field analysis. Though the porcine bone samples were prepared in a
consistent matter, it was difficult to analyze the same field in every sample. For each
sample, a number of fields were taken at the same distance from the edge of the sample in
the bone-growth plate-bone area to reduce the variability among the pigs. An analysis of
variance (ANOVA) for a single variable was performed on the results to ensure that the
measurements of the fields were consistent.
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Chapter 6: Conclusions
The objective of this study was to develop a compression device to administer and
maintain a uniform compressive load and to analyze the displacement of the chondrocyte
nuclei to understand the level of strain in the growth plate, i.e. proliferative zone. This
allowed a correlation to be made between macro-scale loading to micro-scale strain. The
methods involved designing a device that would fit on the stage of an inverted
microscope to allow the observation of the growth plate chondrocytes, preparing samples
from the left femur of four-day old pre-term cross-bred farm pigs that received a 15%
compressive strain from the device, and staining and imaging techniques to analyze the
mechanical behavior of the growth plate chondrocytes. The following conclusions were
obtained from this work:
1. The observation of growth plate chondrocytes under compression via microscopy
was possible with a customized loading device. The device fitted on the stage of the
inverted microscope and was able to administer and maintain the appropriate
compressive strains.
2. The measured strain in proliferative zone was less than what was administered to
the bulk porcine bone sample, indicating that multiple factors may be involved in
distributing and absorbing the compressive strains.
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Chapter 7: Future Work
Potential future studies to measure the mechanical response of growth plate
chondrocytes under compression include:
1. Compression Device Design: The compression device design used in this study
may be improved to reduce the amount of shifting when administering the compressive
strain to the sample. Such improvements may include the removal of the use of tape to
immobilize the device and have the stationary plates be screwed onto the stage or a
motorized method to administer the compressive strain to ensure a consistent strain rate
be applied to the sample.
2. Zonal Analysis: This study only focused on the mechanical behavior of the
proliferative zone of the growth plate. A study to analyze the reserve and hypertrophic
zones would contribute to the understanding in the mechanical properties of the growth
plate and how strain is distributed as a whole.
3. Confocal Microscopy: Fluorescent microscopy was limited in that it projects all
of the growth plate chondrocytes in a two-dimensional space. By using the same loading
method with imaging techniques such as laser confocal microscopy, an improved analysis
will be achieved in that it accounts for the position of the chondrocytes within the
thickness of the growth plate sample. Other mechanical properties such as cell volume
and surface area may be explored.
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Appendix A: Finite Element Analysis
A 3D model of a porcine growth plate sample used in this study was constructed
using NX Unigraphics 7.5. The model was then transferred into ABAQUS (Simulia,
Rhode Island) by Jie Gao (University of Memphis). 13,144 elements were utilized and a
displacement boundary condition was applied to the top surface to generate compression.
The contour plot illustrated in Figure A1 displays the strain distribution only and is
intended only to show quantitatively that there is a great heterogeneity in the distribution
of stress and strain in the samples that were tested in this study.

diaphysis

epiphysis

Figure A1. The finite element (FE) analysis of a bone-growth plate sample used in this
study demonstrates that strain is distributed heterogeneously in the growth plate.
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Appendix B: MATLAB Code
clear;clc
image = 'File Name.jpg';
I = imread(image);
%Crops image to specific area for observation and analysis
I = imcrop(I);
imshow(I)
[n m o] = size(I);
title('File Name')
%Converts image from color RGB to grayscale
I1 = rgb2gray(I);
background = imopen(I1, strel('disk',550)); %vary size of radius
depending on size of "dots"
I2 = I1 - background;
level = graythresh(I2);
bw = im2bw(I,level);
bw = bwareaopen(bw, 26); %Set to 8 for 2D images and 26 for 3D images
%Determine the centroid and the filled area of each cell/nucleus
s = regionprops(bw, {'Centroid', 'Area'});
figure
imshow(I)
title('Before');
hold on
boundaries = bwboundaries(bw, 'holes');
numObj = numel(s);
for k = 1 : numObj
b = boundaries{k};
plot(s(k).Centroid(1), s(k).Centroid(2), 'r.', b(:,2), b(:,1), 'g',
'LineWidth', 1)
end
hold off
%Calculating the physical distance from centroid to centroid
for k = 1 : numObj-1
delta_x = s(k).Centroid(1) - s(k+1).Centroid(1);
delta_y = s(k).Centroid(2) - s(k+1).Centroid(2)
distance(k,:) = hypot(delta_x, delta_y)
end
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